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a b s t r a c t 
Disruption was proposed for controlling long-term fuel retention since the subsequent increase the post- 
discharge wall outgassing could help in decreasing the fuel retention on the wall after discharges. The 
amount and temporal behavior of fuel retention and recovery have been studied after non-disruptive 
and disruptive shots in EAST. The retention of disruptive shots is lower than non-disruptive shots, and 
sometimes the outgassing of disruption leads to negative retention. The recovered particles approximately 
linearly increased with the electron density and injected particles after disruption. And the post-discharge 
recovered particles increased with the stored energy for both disruptive and non-disruptive shots, but the 
recovered particles after disruptive shots are more than non-disruptive shots. The recovered particles in 
10 s after discharge for disruptive shots is 3 ∼4 times higher than non-disruptive shots, and then the 
behavior of fuel recovery is similar for both non-disruptive and disruptive shots. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
The control of long term fuel retention is one of the most crit-
cal issues for both ITER and other Tokamaks aiming at operating
n steady-state conditions [1,2] . Wall conditioning should be con-
idered to keep the wall inventory under the certain limit [2–4] . It
s well known that disruption leads to more outgassing after the
nd of discharge, due to abrupt heating of the wall surface and en-
anced thermal desorption [5] . In particular, disruption was tried
s a wall conditioning technique in TFTR [6] . Fuel recovery by nat-
ral and MGI disruption is studied in Tore Supra [7] , JET [8] , DIII-
 [9] and KSTAR [10] . The total recovered particles after disrup-
ion increased with stored energy in Tore Supra, JET and KSTAR. In
III-D disruptions cause a net release of order 10 21 hydrogen (or
euterium) atoms from wall, but the amount of released particles
re small compared to the total saturated wall inventory. Moreover,
laned radiative plasma terminations are examined as a method to
ecover tritium from plasma-deposited layers in ITER [11] . 
In order to apply disruptions for fuel recovery in ITER, more ex-
erimental studies are needed. In DIII-D disruptions do not appear
o be extremely eﬃcient at cleaning existing fuel particles out of
all [9] . More data from other devices are necessary to apply dis-
uptions for ITER. Studies on fuel retention and recovery by disrup-∗ Corresponding authors. 
E-mail addresses: caobin@ipp.ac.cn , bcao19@gmail.com (B. Cao), sukhhong@ 
fri.re.kr (S.-H. Hong). 
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http://dx.doi.org/10.1016/j.nme.2016.11.018 ions in EAST will provide a good reference for other tokamaks and
TER. 
. Experimental setup 
EAST is a non-circular advanced steady-state experimental de-
ice and the ﬁrst entirely superconducting tokamak in the world.
he major radius is 1.75 m and the minor radius is 0.4 m. For diver-
or operation, an elongation of 1.2–2 and with single null or dou-
le null can be used [12] . The ﬁrst plasma discharge in EAST was
chieved in 2006. Subsequent divertor plasmas were achieved with
ull metal walls in 2007. After the second experimental campaign,
FCs were modiﬁed from stainless steel to full carbon walls [13] .
hen in 2012, all the PFCs except upper and lower divertors were
odiﬁed from graphite to molybdenum. And in 2014 the upper di-
ertor PFCs were modiﬁed from graphite to tungsten. 
The pumping system of EAST is organized with four subsys-
ems: main pumping system, upper and lower divertor pumping
ystems, and two inner cryo-pumps [14] . The coolants of all the
ryo-pumps are helium. Beside those pumps outside the vessel,
n inner cryo-pump located under the outer target of low diver-
or was mounted for divertor pumping. It is toroidally continuous.
uring this pump working, liquid helium ﬂow continues in pipes.
he total pumping speed of all pumps is about 201 m3/s, the detail
f the pumping speed of all the pump systems is list on Table 1 .
e used ﬁve gauges to measure the pressure of the vacuum cham-
er and the pumping tubes and used these data to calculate thender the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
er disruptive shots in EAST, Nuclear Materials and Energy (2016), 
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Table 1 
Pumping speed of EAST pump systems, total pumping speed 201 m 3 /s. 
Pumping system Pump type Number Total pumping speed (m 3 /s) 
Main pumping system Turbo molecular pumps 1# 3 11 
Turbo molecular pumps 2# 1 
Cryo-pumps 4 30 
Upper divertor pumping system Cryo-pumps 4 20 
Lower divertor pumping system Cryo-pumps 2 5 
Upper inner vessel cryo-pump Cryo-pump 1 55 
Lower inner vessel cryo-pump Cryo-pump 1 63 
LHW and ICRF system pumps Turbo molecular pumps 4 17 
Cryo-pumps 2 
Fig 1. Comparison of wall retention between with (a) and without (b) disruptive shots in EAST 2012 experimental campaign. 
Fig. 2. Retention fraction in EAST 2014 experimental campaign for disruptive and non-disruptive shots. 
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ttotal pumped particles and the particles in vacuum chamber. The
type of gauges we used is PKR251, the pressure range of this gauge
is from 1 ×10 −6 Pa to 1 ×10 −5 Pa. There are three fueling method
used in EAST: gas puﬃng (GP), supersonic molecular beam injec-
tion (SMBI) and pellet injection (PI) [15] . During experiment we
chose the gauge with lower than 5% uncertainty used for pressurePlease cite this article as: B. Cao et al., Fuel retention and recovery aft
http://dx.doi.org/10.1016/j.nme.2016.11.018 easurement. The error of gas puﬃng is about 5% from the gauge.
he error of pumping speed of pumping systems is about 10%, and
he error of exhausted particles is about 5% from pressure mea-
urement, the total error of exhausted particles is about 15%. The
mount of injected particles is about 2 ∼3 times than retained par-
icles, so the error of total retained particles is about 25%. er disruptive shots in EAST, Nuclear Materials and Energy (2016), 
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Fig. 3. Fuel recovery vs. electron density during discharge (a), total injected particles (b) and stored energy (c) for disruptive and non-disruptive shots. 
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Fig. 4. Fuel retention during discharge for disruptive and non-disruptive shots. 
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a  . Experimental results 
.1. Retention for disruptive and non-disruptive discharges 
In 2012 experiment campaign, the ﬁrst wall in EAST was
hanged to molybdenum expects divertors, the material of upper
nd lower divertors were also graphite. The error of retention for
ne shot is about 25%, but during one experiment campaign there
ere thousands of shots, so the total error for one experiment
ampaign was quit small. The up left Fig. 1 (a) is data accumu-
ated shot by shot not including the recovered particles during wall
leaning. The total retained particles were about 3.5 ×10 4 Pam 3 .
he averaged retention rate was about 1.1 Pam 3 /s. And the aver-
ged retention fraction is about 75%. The Fig. 1 (b) is accumulated
he same shots but without the disruptive shots. The total retained
articles were 2.9 ×10 4 Pam 3 . The averaged retention rate is about
.2 Pam 3 /s. And the averaged retention fraction is about 82%. The
etention is bigger than with disruptive shots. That means the dis-
uptions can lead to more recovered particles after discharges. 
In 2014 experimental campaign, the material of upper divertor
n EAST is changed to tungsten. So the material of EAST ﬁrst wall is
olybdenum, tungsten and graphite. In this year, lithium coating
as used frequently in EAST. We chose one day discharges after
ithium coating. Fig. 2 shows the retention fractions (retained par-
icles divided injected particles) for disruptive and non-disruptive
hots. From this ﬁgure the disruptive shots have lower retention
han the non-disruptive shots. Sometimes there are negative re-
ention for disruptive shots, which means disruptions could lead
o net outgassing from ﬁrst wall. 
.2. Fuel recovery for disruptive and non-disruptive shots 
As shown in last part, the disruption could lead to more fuel
ecovery. In Fig. 3 (a), the total amount of fuel recovery from the
all (the total amount is particle release integrated up to 300 s af-
er the end of all shots) is plotted as a function of electron density
or both disruptive and non-disruptive shots. For low electron den-
ity discharge ( < 4 ×10 19 m −3 ) the total amount of fuel recovery for
on-disruptive shots increased with the electron density. But no
lear trend is seen for high electron density non-disruptive shots.
he mean fuel recovery is 5 ×10 20 D for high electron density non-
isruptive shots. The fuel recovery for disruptive shots regular in-
reased (roughly linear) with the electron density (only low elec-
ron density data exists for disruptive shots). And the fuel recovery
ncreased rate is higher for disruptive shots than non-disruptive
hots at low density. 
In Fig. 3 (b), the total amount of fuel recovery from wall is plot-
ed as a function of the total injected particles for both disruptive
nd non-disruptive shots. No clear trend is seen for non-disruptive
hots, but an increase is observed in the case of disruptive shots. Please cite this article as: B. Cao et al., Fuel retention and recovery aft
http://dx.doi.org/10.1016/j.nme.2016.11.018 In Fig. 3 (c), the total amount of fuel recovery from wall is plot-
ed as a function of the plasma stored energy for both disrup-
ive and non-disruptive shots. The total fuel recovery increased
roughly linear) with plasma stored energy for both disruptive and
on-disruptive shots. But the rate of increase for disruptive shots
s about twice for non-disruptive shots. 
.3. Fuel retention and recovery evolution for disruptive and 
on-disruptive shots 
From top to bottom, Fig. 4 shows the plasma current, elec-
ron density, vacuum pressure and the evolution of wall retained
mount during discharge for disruptive and non-disruptive shots.er disruptive shots in EAST, Nuclear Materials and Energy (2016), 
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Fig. 5. Fuel recovery after the end of discharge for disruptive and non-disruptive shots. 
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[The red one (#47,612) is disruptive shot, and the black one
(#47,614) is non-disruptive shot. The plasma parameters and wall
condition are similar for the two shots. At the beginning, the reten-
tion evolution is similar during discharge for the two shots. And 2 s
later, the retention of 47,612 was lower than 47,614. But at the end
of disruptive shot, the total retained particles ﬁrst increased a little,
and then decreased very fast. After disruption a lot of high energy
particles hitting on the ﬁrst wall led to a lot of particles retained
on the wall. Then a lot of particles recovered from the wall since
this hitting. There are negative retained particles which mean net
outgassing after disruption. 
Fig. 5 shows the fuel recovery after the end of discharge for the
same two shots in Fig. 4 . From this ﬁgure in the ﬁrst 10 s after dis-
charges there are about 3.5 times recovered particles for disruptive
shots than non-disruptive shots. And after 10 s after discharges fuel
recovering is similar for both disruptive and non-disruptive shots. 
4. Conclusions 
The fuel recovery by nature disruptions are studied in EAST.
The total amount of fuel recovery for disruptive shot in 10 s af-
ter discharge is about 3.5 times higher than non-disruptive shot.
And then 10 s after of the end of discharge, the behaviors of fuel
recovery for both disruptive and non-disruptive shots are similar. 
In disruptive shots additional fuel is released which increased
roughly linearly with the electron density, total injected and stored
energy. For the same stored energy, the amount of fuel recovery
for the disruptive shots is about twice for the non-disruptive shots.
The averaged fuel recovery is about 5 ×10 20 D for non-disruptive
shots and about 10 ×10 20 D for disruptive shots. The EAST PFC sur-
face area is about 60 m 2 [12] . As shown in Fig. 3 (C), the increase
rate with stored energy for disruptive shots is about 0.12 ×1020D
per 1 kJ of stored energy. This rate is lower than the JET linear scal-
ing, which had been reported in paper [10] . The probable reason is
the lithium coating in EAST. Please cite this article as: B. Cao et al., Fuel retention and recovery aft
http://dx.doi.org/10.1016/j.nme.2016.11.018 The fuel recovery is increased with the total injected particles.
GI can inject a lot of particles to lead to disruptions. MGI dis-
uptions could lead to more fuel recovery than natural disruptions
10] . This indicates MGI disruption is a feasible method for the
TER fuel recovery. EAST has developed the MGI system [16] , more
esearch about fuel retention and recovery in MGI disruptions will
e done in future. 
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